Abstract Graded hypoxia (FETo2 14-6%) and hypercapnia (FETC2 6-10%), which were applied for 45 s and 2 min, respectively, to urethane anesthetized and artificially ventilated rats produced an increase in adrenal sympathetic efferent nerve activity in parallel with increases in adrenaline and noradrenaline secretion measured in the adrenal venous effluent. Percentage increases in adrenaline and noradrenaline were almost equal. In rats whose carotid sinus nerves (CSN) were bilaterally cut, hypoxia did not produce any effect on adrenal sympathetic nerve activity or catecholamine secretion. In contrast, excitatory adrenal nerve and catecholamine secretory responses to hypercapnia remained unchanged in CSN denervated rats. After severing a splanchnic nerve whose branches innervated the adrenal gland, while maintaining the resting level of catecholamine secretion by low-frequency stimulation of the peripheral end of the splanchnic nerve, hypoxia did not produce any increase in catecholamine secretion. Hypercapnia (FETCo2 8 and 10%) , however, induced catecholamine secretion from denervated adrenal medulla, although the magnitude of the response was significantly lower than that in animals with adrenal nerve intact. It is concluded that hypoxia stimulates the adrenal medulla via the carotid chemoreceptor reflex whereas hypercapnia acts mainly via mechanisms besides carotid chemoreceptors such as central chemoreceptors with some direct stimulatory effect on the adrenal medulla. The functional significance of these dual mechanisms of sympathoadrenal excitation during hypoxia and hypercapnia is discussed.
Since the pioneering discovery by CANNON and HOSKINS (1911) and CZUBALSKI (1913) , who were the first to demonstrate independently that acute asphyxia increased adrenal medullary hormone secretion into the blood, this adrenal medullary response has been recognized as a major emergency homeostatic reaction counteracting the effects of oxygen deficiency and acidosis upon the cardiovascular system and metabolic functions of the body.
Increases in concentration of adrenaline in the blood during asphyxia have long been confirmed (KELLAWAY, 1919; HOUSSAY and MOLINELLI, 1926) . Excitatory effects on the sympathoadrenal function of acute hypoxia (NAHAS et al., 1954; BAUGH et al., 1959; FOWLER et al., 1961; BECKER and KREUZER, 1968; STEINSLAND et al., 1970; JOHNSON et al., 1983; ROSE et al., 1983) or hypercapnia and acidosis (TENNY, 1956; MILLAR,1960; LIGOU and NAHAS, 1960; NAHAS et al., 1960; MORRIS and MILLAR,1962; CANTU et a!., 1966; O'BRODovICH et a!.,1982; ROSE et al., 1983) have been established in both humans and experimental animals. However, in most studies, the adrenaline level in systemic blood was accepted as an index of the adrenomedullary activity. Only a few authors have measured the increased catecholamine secretion in the adrenal venous blood during chemoreceptor stimulation (FoWLER et al., 1961; CANTU et al., 1966; CRITCHLEY et al., 1980 CRITCHLEY et al., , 1982 .
Despite a great deal of research effort devoted to this vital body response for over 8 decades, its neural mechanisms have remained unsolved. The present experiments were undertaken to assess the contributions of the carotid chemoreceptors and the adrenal sympathetic nerve activity to the responses of the adrenal medullary catecholamine secretion during systemic hypoxia and hypercapnia. We focus first on the possibility of a correlation between adrenal sympathetic efferent nerve activity and catecholamine secretion measured in a venous blood effluent from the adrenal gland during acute hypoxia and hypercapnia. Secondly, we determine if there is a difference between the mechanism of sympathoadrenal excitation by hypoxia as compared to that by hypercapnia.
MATERIALS AND METHODS
The experiments were performed on 28 adult male Wistar rats. Surgical operations were performed under halothane anesthesia and the experimental data were recorded under urethane anesthesia. The anesthesia was first induced by 2.5-3.0% halothane and was then maintained by 1.0-1.5% halothane combined with 5000 02 with N2 making up the remainder of the mixture during the surgery. After completing all of the surgical steps, halothane was discontinued, and urethane (0.9-1.0 g/kg) was administered intravenously. During the experiments, an additional dose (0.1-0.2 g/kg) of urethane was administered intravenously every 2-3 h to maintain the depth of anesthesia at a reasonably constant level judging from recordings of the systemic blood pressure.
The trachea was cannulated after a tracheotomy was performed, and ventilation was maintained by an artificial respirator (Harvard pump 683) through the tracheal cannula. The femoral vein was cannulated for intravenous administration of adequate drugs such as an anesthetic and a muscle relaxant, etc. The femoral artery was catheterized for the recording of systemic arterial blood pressure. Aortic and vagal nerves together were severed bilaterally at the cervical level. The other general conditions of the present experiments were similar to those described by FUKUDA et al. (1987) .
The end-tidal 02 and C02 concentrations (FETo 2 and FETCo2) were measured using a respiratory gas monitor (Respina 1H26; Nippon denki San-ei). The control ventilatory condition (FETo2 =16% and FETCo2 = 5%) was obtained by adjusting the respirator and inspiratory gas concentration according to our previous results (FUKUDA et al., 1987) . Different degrees of hypoxia and hypercapnia were applied by changing 02 and C02 concentrations in the inspiratory gas in a similar way as previously described by FUKUDA et al. (1987) . For hypoxic stimulation FETo2 was reduced from 16 (control) to 14%, 10% or 6% for 45-s duration at regular intervals of 13 min at a constant FETCo2 (5%). Hypercapnic stimulation was performed by increasing FET o2 from 5 (control) to 6%, 8%, or 10% for 2-min duration at regular intervals of 13 min at a constant FETo2 (16%).
The adrenal venous blood was intermittently collected using a method similar to that described by ARAKt et al. (1984) . Prior to each hypoxic and hypercapnic stimulation, the adrenal venous blood sample as a control value was collected for 30 s (30-60 pl). After a further 2.5 min, either hypoxia for 45 s or hypercapnia for 2 min was delivered. A second blood sample was collected for 30 s just before the end of each degree of maintained hypoxia or hypercapnia. Ten min after the beginning of each hypoxic or hypercapnic exposure, a third blood sample was collected to examine the aftereffects of hypoxia or hypercapnia. In order to compensate the loss of blood, as samples were taken from the adrenal vein, a mixed solution of 4% Ficoll 70 (Pharmacia, Sweden), glucose, heparin sodium, gallamine triethiodide, and blood cells from another rat was administered at a rate of 1 ml/h. Catecholamines, adrenaline and noradrenaline, were measured as described by ITo et al. (1984) . Adrenaline and noradrenaline were first separated using highperformance liquid chromatography (HPLC), and were finally detected by an electrochemical detector (LC-4B; Bioanalytical Systems). Secretion rates of adrenaline and noradrenaline were calculated using concentrations of these substances in the adrenal venous plasma and the adrenal venous plasma flow, as described by ARAKI et al. (1984) . The magnitudes of the response of the catecholamine secretion during the last 30-s period of hypoxia and hypercapnia were expressed as percentages of the control values.
The adrenal sympathetic nerve was dissected retroperitoneally in order to record its ongoing efferent activity, as described by ARAKI et al. (1984) . The adrenal nerve was cut and the central cut end of the nerve was placed on bipolar platinumiridium wire electrodes. The activity was amplified (time constant, 0.01 s) and the spikes were counted every 2s, after passing through a window discriminator, using a minicomputer (ATAC 450; Nihon Kohden). The nerve activity counted for every 2 s was recorded on a polygraph (RM-6000; Nihon Kohden). The adrenal sympathetic nerve activity for the corresponding periods during stimulation in which blood samples were collected from the adrenal vein was quantitatively analyzed to compare these responses. The number of the efferent nerve activity obtained during the last 30-s period of hypoxia or hypercapnia was expressed as percentages of the number of the prestimulus control efferent nerve activity counted for 30s. Data were expressed as mean + S.E. and the significance of the responses of both the adrenal sympathetic nerve activity and catecholamine secretion was verified by the paired t-test.
The experiments were divided into three groups. In the first group, the adrenal nerve activity (6 rats) and adrenal catecholamine secretion (6 rats) were measured under the carotid chemoreceptor intact condition. In the second group, both the adrenal nerve activity (6 rats) and adrenal catecholamine secretion (6 rats) were measured under carotid chemoreceptor denervated condition. Carotid sinus nerves were bilaterally severed for carotid chemoreceptor denervation. In the third group, adrenal catecholamine secretion (4 rats) was measured under adrenal nerve denervated condition. The left splanchnic nerve was severed in order to denervate adrenal medulla, and the peripheral end of the severed splanchnic nerve was electrically stimulated using a low-stimulus frequency to maintain the basal secretion of catecholamines from the adrenal gland at a level as close as possible to the physiological basal secretion level. The stimulus parameters were 10 V intensity, 0.5 ms pulse duration, and 2 Hz stimulus frequency.
RESULTS
1. The effects of hypoxia and hypercapnia in rats whose carotid sinus nerves remained intact Figure 1 demonstrates that changes of FEToz from the control value of 16 to 6 for 45 s under a constant FETCoz (5%) produced an increase in adrenal sympathetic nerve activity. Increasing FETCoz from 5 (control) to 1000 for 2 min at constant FEToz (16%) produced an increase in adrenal sympathetic nerve activity. Nerve activity increased gradually and reached the maximal activity usually within 45s and 1-2 min during hypoxic and hypercapnic stimulation, respectively. The increased adrenal sympathetic nerve activity returned to the prestimulus control activity within 1-2 min after cessation of the stimulation.
The effects of different degrees of hypoxia (FEToz 14, 10, and 6%), and hypercapnia (FETCoz 6, 8, and l0%) on the adrenal sympathetic nerve activity, as well as secretion rates of adrenaline and noradrenaline from the adrenal gland were examined. Figure 2 summarizes the results. FEToz 14°c did not induce any significant responses of nerve activity or catecholamine secretion rates. Reduction of FEToz to 10 and 6 % significantly increased the activity of the adrenal sympathetic nerve and secretion rates of both adrenaline and noradrenaline. The responses augmented with increasing the degree of hypoxia. The nerve activities at 10 and 6 ADRENAL RESPONSES TO HYPOXIA AND HYPERCAPNIA 515
of FETo2 were 120±6 and 167±900 of the control activity at normoxia (FETo216%), respectively. Secretion rates of adrenaline responding to 10 and 6 % of FETo2 were 113 + 6 and 152± 12° of the control basal secretion rates at normoxia, respectively. Secretion rates of noradrenaline during hypoxia at 10 and 6 % of FETo2 were 119 + 8 and 163 + 10°c of the control basal secretion rates at normoxia,respectively. Hypercapnia at 6, 8, and l0% of FETCo2 significantly increased the activity of the adrenal sympathetic nerve and secretion rates of adrenaline and noradrenaline with increases in the degree of hypercapnia. The nerve activities during hypercapnia at 6, 8, and 10°c of FETCo2 were 117 + 5,139 + 8, and 145 + 8 % of the control activity at normocapnia (FETCo2 5%), respectively. Adrenaline secretion rates at 6, 8, and 10% of FETCo2 were 115 + 5, 124±7, and 144 + 8 % of the control basal secretion rates at normocapnia, respectively. Noradrenaline secretion rates at 6, 8, and 10 of FETCo2 were 117±6, 127 + 10, and 150±70 of the control basal secretion rates at normocapnia, respectively. The increased catecholamine secretion rates during the hypoxia or hypercapnia returned to the prestimulus control value within 10 min after cessation of the stimulation.
2. The effects of hypoxia and hypercapnia in rats whose carotid sinus nerves were bilaterally severed In order to determine the contribution of bilateral carotid chemoreceptor afferent nerve to the above-mentioned responses of th adrenal sympathetic nerve activity and adrenal catecholamine secretion to hypoxia and hypercapnia, carotid Fig. 1 . Responses of adrenal sympathetic efferent nerve activity to hypoxia (A) and hypercapnia (B) in one rat whose carotid sinus nerves remained intact. Adrenal sympathetic efferent nerve activity was counted every 2 s (upper traces). Fco2 (middle traces) and Foz (lower traces) represent the C02 and 02 concentrations of tracheal gas, respectively. A: hypoxia was delivered for 45 s from a control end-tidal 02 concentration at 16 to 6% with a constant end-tidal C02 concentration of about 5°c. B: hypercapnia was delivered for 2 min from a control end-tidal C02 concentration at 5 to 10% with a constant end-tidal 02 concentration at about 16%. Stimulation was applied for the period indicated by the thick horizontal bar.
sinus nerves were bilaterally severed. Under this condition, the effects of various degrees of hypoxia and hypercapnia were examined in 12 rats (adrenal nerve activity, 6 rats; catecholamine secretion, 6 rats). Figure 3 summarizes the effects of different degrees of hypoxia (FEToz 14, 10, and 6%) and hypercapnia (FETCoz 6, 8, and 10%) on the adrenal sympathetic efferent nerve activity as well as secretion rates of adrenaline and noradrenaline from the adrenal gland in rats whose carotid sinus nerves were bilaterally denervated. In the animals whose carotid sinus nerves were severed, hypoxia at 14, 10, and 6 , of FEToz did not produce any significant changes in adrenal sympathetic nerve activity (Fig. 3A) or catecholamine secretion rates from the adrenal gland (Fig. 3B, C) . Hypercapnia at 8 and 10% of FETCoz produced significant increases in adrenal nerve activity (Fig. 3D) as well as in secretion rates of adrenaline (Fig. 3E) and noradrenaline (Fig. 3F) . Nerve activities during hypercapnia at 8 and 10°c of efferent nerve activity (A, D) and secretion rates of adrenaline (Adr; B, E) and noradrenaline (NAdr; C, F) from adrenal medulla in rats whose carotid sinus nerves remained intact. Hypoxia was delivered from a control end-tidal Oz concentration at 16% (FEToz 16%, is. in abscissa) to 14, 10, and 6 % (14, 10, 6 in abscissa) for 45s with a constant FETCoz at about 5%. Hypercapnia was delivered, from a control end-tidal CO2 concentration at 5% (FETCoz 5%, 05 in abscissa) to 6, 8, and 10°c (6, 8,10 in abscissa) for 2 min with a constant FEToz of about 16%. The magnitudes of responses for 30 s prior to the end of hypoxia or hypercapnia were expressed by percentages of the prestimulus nerve activity counted for 30s prior to stimulation and the prestimulus secretion rates of adrenaline and noradrenaline measured 3 min prior to the stimulation. FETCO2 were 125 + 6 and 141 + 1100 of the control at normocapnia, respectively. Adrenaline secretion rates at 8 and 100 of FETCO2 were 132 + 6 and 147 + 6 % of the control, respectively. Noradrenaline secretion rates at 8 and 100 of FETCO2 were 138 + 5 and 149±7% of the control, respectively. The magnitudes of the responses of the nerve activity and catecholamine secretion rates during hypercapnia at 8 and 10% of FETCO2 were similar to those responses obtained in rats whose bilateral carotid sinus nerves remained intact. Hypercapnia at 6% of FETCO2 did not produce any significant changes in either the nerve activity or catecholamine secretion rates in the rats whose carotid sinus nerves were severed.
3. The effects of hypoxia and hypercapnia in rats whose splanchnic nerve was severed In order to determine the contribution of the adrenal sympathetic efferent nerve to the above-mentioned responses of adrenal medullary catecholamine secretions to hypoxia and hypercapnia, the left splanchnic nerve from which the left adrenal nerve emerged was severed close to the spinal cord in 4 rats. The peripheral end of the severed splanchnic nerve was electrically stimulated to maintain the basal secretion of catecholamines from the adrenal gland. During stimulation of the peripheral end of the severed splanchnic nerve (10 V, 0.5 ms, 2 Hz), adrenaline and noradrenaline secretion rates were about 25 and 5 ngf (kg • min), respectively, and ranged within the physiological basal secretion levels. Hypoxia at 14, 10, and 6 of FETO2 did not produce any significant changes in secretion rates of either adrenaline or noradrenaline (Fig. 4A, B ). Hypercapnia at 6 % of FETCO2 did not produce any significant changes in either adrenaline or noradrenaline secretion rate, but hypercapnia at 8 % of FETCo2 increased the noradrenaline secretion rate significantly (117 + 5%), while hypercapnia at 1000 of FETCo2 produced significant increases in both adrenaline (115±40 ) and noradrenaline (129±40 ) secretion rates (Fig. 4C, D) .
DISCUSSION
The present results demonstrated that both systemic acute hypoxia and hypercapnia in rats produce increases in adrenal sympathetic efferent nerve activity in parallel with increases in catecholamine secretion from the adrenal medulla. However, the mechanism by which hypoxia excites the sympathoadrenal medullary function is different from that of hypercapnia. The excitatory effect of hypoxia above FETo2 6 % was due to a carotid body chemoreceptor reflex, as it disappeared after bilateral severing of the carotid sinus nerves. Section of the carotid sinus nerves removed also carotid baroreceptor inputs. However, a contribution of the baroreceptor reflex seems unlikely because systemic blood pressure changes during hypoxia (45 s) were reported to be slight and variable in the rats whose carotid sinus nerves were intact (FIJKUDA et al., 1989) . The central sympathoexcitatory effect of severe hypoxia (FETo2=6%) observed in cardiac sympathetic nerve activity of chemodenervated rats (FUKUDA et al., 1989) did not affect adrenal sympathetic efferent nerve activity. LEE et al. (1987) found that spinal transection in the rat abolished increases in the turnover rates of adrenaline and noradrenaline within the adrenal gland induced by hypoxia at 8 % Qz (inspiratory). CANTU et al. (1966) reported that catecholamine secretion from the adrenal medulla did not change during hypoxia (8°c inspiratory Oz concentration) in the spinalized dog. These findings support our Fig. 4 . The effects of hypoxia (A, B) and hypercapnia (C, D) on secretion rates of adrenaline (Adr; A, C) and noradrenaline (NAdr; B, D) from the adrenal medulla in rats whose splanchnic nerve was severed. The peripheral cut end of the severed splanchnic nerve was electrically stimulated (10 V intensity, 0.5 ms pulse duration) using a low-stimulus frequency (2 Hz) in order to maintain the basal secretion of catecholamines from adrenal medulla at the physiological level. Values indicate the mean + S.E. obtained from 4 rats. See Fig. 2 for other details.
conclusion that the reflex pathway is of supraspinal origin via carotid body afferents. However, there is a possibility that a neurogenic mechanism besides the carotid chemoreceptor reflex will be activated by more severe hypoxia, below 6 % of FETo2. For example, it has been reported that activity of the cardiac sympathetic nerves or of cervical sympathetic preganglionic neurons was increased during anoxia or hypoxia below 40 Torr of Pao2 in spinalized cats (ALEXANDER, 1945; ROHLICEK and POLOSA, 1981) . Other chemoreceptors sensitive to hypoxia, as described in rats (SINCLAIR, 1987) , such as glossopharyngeal afferent terminals in the rostral branches of the carotid artery seem to be inactive during acute hypoxia in anesthetized rats. These chemoreceptors may be of importance in conscious rats several days after carotid chemoreceptor denervation (SINCLAIR, 1987) . Denervation of adrenal glands in mature rats abolished the stimulatory effect of hypoxia upon catecholamine release (SEIDLER and SLOTKIN, 1986) . Our data confirmed these results under more physiological conditions as we maintained a resting secretion of the denervated adrenal medulla by stimulating the peripheral cut end of the splanchnic nerve. We conclude, therefore, that the carotid chemoreceptor reflex is responsible for increases in adrenal sympathetic nerve activity and in catecholamine secretion during acute hypoxia (FETo2 ? 6%).
In contrast to hypoxia, the responses of both adrenal sympathetic efferent nerve activity and adrenal medullary catecholamine secretion to hypercapnia remained unchanged after the severance of the carotid sinus nerves. These results demonstrate that the mechanism of excitatory response of adrenal medullary catecholamine secretion to hypercapnia is different from that to hypoxia. The CO2 effect seems to be elicited by the mechanisms besides carotid body chemoreceptors such as central chemoreceptors. This finding corresponds to results of FUKUDA et al. (1989) who observed unchanged sympathoexcitatory responses to CO2 of renal and cardiac nerves in carotid chemoreceptor denervated rats.
In addition, CO2 directly facilitates the release of adrenaline and noradrenaline from the denervated adrenal gland. However, the magnitude of the latter response was small and required a high level of CO2 stimulation (FETCo2 8 and 10% ). MORRIS and MILLAR (1962) observed an increase in plasma adrenaline levels during hypercapnia in dogs pretreated with ganglionic blocking drugs and after adrenal gland denervation. Even isolated canine adrenal glands perfused by a blood solution with high CO2 or lactic acid released catecholamines with subsequent degradation of chromaffin granules (NAHAS et at., 1967) . Our results obtained in less artificial conditions, where the adrenal medulla maintained its resting secretion, are consistent with those earlier observations. The mechanism of a direct stimulatory effect of hypercapnia upon the adrenal medulla is unknown and has yet to be elucidated. According to a chemiosmotic hypothesis of exocytosis (PoLLARD et at., 1984) , a rapid acidification of the intracellular space by CO2 will reduce the electrochemical proton gradient between the granules and surrounding intracellular fluid of the chromaffin cells (JOHNSON et at., 1981) and may facilitate their release from chromaffin granules and from the chromaffin cells.
Also, other humoral factors released by systemic hypercapnia could contribute to the peripheral stimulatory effect. CRITCHLEY et al. (1982) showed that longlasting hypoxic carotid chemoreceptor stimulation (10 or 20 min) released corticotrophin and corticosteroids producing a prolonged catecholamine secretion, which was observed even after the chemoreceptor stimulation had ceased. Such a mechanism seems very unlikely in our experimental conditions, as hypercapnia was applied for only a short time and catecholamine release was almost immediate. In addition, C02 has been shown to be a less effective stimulus than hypoxia for carotid chemoreceptors in the rat (FUKUDA et al., 1987) .
There has been some discussion as to whether adrenaline and noradrenaline are secreted selectively or non-selectively from the adrenal gland in response to different types of stimulation in anesthetized animals. CRITCHLEY et al. (1980) reported that the adrenaline secretion was more pronounced than noradrenaline secretion in response to chemoreceptor stimulation in cats but not in dogs. Present experiments demonstrate that in anesthetized rats the rate of adrenaline and noradrenaline secretion in response to hypoxia and hypercapnia is the same. Thus, species difference in adrenomedullary responsiveness should be taken into account.
It is concluded that the excitatory response of adrenal nerve activity and catecholamine secretion to hypoxia is elicited reflexly by carotid chemoreceptor stimulation, and that the response to hypercapnia is mainly elicited by other mechanisms such as central chemoreceptors. ROSE et al. (1983) and O'BRoDovICH et al. (1982) have demonstrated that combined stimulation by both hypoxia and hypercapnia produced more pronounced increases in adrenaline and noradrenaline concentrations in systemic blood than the hypoxic or hypercapnic stimulation alone did. Thus, two different mechanisms of adrenal medullary excitation by hypoxia or hypercapnia may potentiate the final catecholamine secretory effect during asphyxia. These different mechanisms responsible for adrenomedullary excitation are apparently meaningful as a biological evolutionary adaptation developed to secure vital bodily reactions (BAUGH et al., 1959; LEE and DOWNING, 1983) . SEIDLER and SLOTKIN (1986) have recently shown that the normal adrenomedullary response to hypoxia correlates with the survival rate of neonatal mammals.
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